Stenotrophomonas maltophilia is a multiple-antibiotic-resistant opportunistic pathogen that is being isolated with increasing frequency from patients with health-care-associated infections and especially from patients with cystic fibrosis (CF). While clinicians feel compelled to treat infections involving this organism, its potential for virulence is not well established. We evaluated the immunostimulatory properties and overall virulence of clinical isolates of S. maltophilia using the well-characterized opportunistic pathogen Pseudomonas aeruginosa PAO1 as a control. The properties of CF isolates were examined specifically to see if they have a common phenotype. The immunostimulatory properties of S. maltophilia were studied in vitro by stimulating airway epithelial and macrophage cell lines. A neonatal mouse model of pneumonia was used to determine the rates of pneumonia, bacteremia, and mortality, as well as the inflammatory response elicited by S. maltophilia infection. Respiratory and nonrespiratory S. maltophilia isolates were highly immunostimulatory and elicited significant interleukin-8 expression by airway epithelial cells, as well as tumor necrosis factor alpha (TNF-␣) expression by macrophages. TNF-␣ signaling appears to be important in the pathogenesis of S. maltophilia infection as less than 20% of TNFR1 null mice (compared with 100% of wild-type mice) developed pneumonia and bacteremia following intranasal inoculation. The S. maltophilia isolates were weakly invasive, and low-level bacteremia with no mortality was observed. Despite the lack of invasiveness of S. maltophilia, the immunostimulatory properties of this organism and its induction of TNF-␣ expression specifically indicate that it is likely to contribute significantly to airway inflammation.
There has been a notable increase in the prevalence of Stenotrophomonas maltophilia isolated from clinical specimens over the past several years, as documented by the SENTRY Antimicrobial Surveillance Program (18) . This organism is often isolated as a nosocomial pathogen in hospitalized patients (7) , as well as in cystic fibrosis (CF) (12) , burn (36) , human immunodeficiency-infected, and other immunosuppressed patients (2, 15) . Although rarely associated with septic shock, S. maltophilia commonly causes persistent bacteremia and is frequently associated with respiratory tract and catheter-related infections. An analysis of 139 isolates from 105 non-CF patients established that S. maltophilia was a cause of infection in the central nervous system, bone, bloodstream, and urinary tract, as well as the respiratory tract (37) . Many case reports have demonstrated the potential of S. maltophilia to cause invasive infection as an opportunistic pathogen in immunocompromised patients (24) or when it is inadvertently introduced into a normally sterile site (20) .
S. maltophilia has been isolated from 10% of CF patients in the United States (Cystic Fibrosis Foundation registry data) (14) and from up to 25% of CF patients in Europe (12, 33) . Epidemiological studies have suggested that, unlike Burkholderia cenocepacia complex and Pseudomonas aeruginosa infections, the presence of S. maltophilia in CF patients is not associated with a worse clinical outcome (14, 34) . However, the contribution of this organism to chronic airway inflammation and its ability to persist within biofilms in vivo have not been well studied. Many CF clinicians feel compelled to treat S. maltophilia, a difficult task considering its innate resistance to ␤-lactam and aminoglycoside antibiotics and rapid development of resistance to fluoroquinolones. When S. maltophilia is isolated from normally sterile sites, eradication is similarly challenging.
S. maltophilia is of considerable general interest, as a PubMed search for 2006 yielded 165 articles covering diverse aspects of S. maltophilia biology, such as mechanisms of antimicrobial resistance, rapid identification, and descriptions of clinical illnesses. A prototypic strain has recently been sequenced, and annotation of the genome is in progress (www .sanger.ac.uk/Projects/S_maltophilia/). One recent clinical study of 89 S. maltophilia respiratory isolates indicated that the vast majority of these organisms were colonizers and not associated with a significant respiratory infection (26) . The molecular mechanisms responsible for the virulence or lack of virulence of S. maltophilia have not been fully characterized. Although S. maltophilia has the high GϩC content (63 to 70%) of the pseudomonads, it lacks the prodigious metabolic capabilities of these organisms. S. maltophilia strains are obligate aerobes, and most, but not all, strains require methionine or cysteine for growth (2) . As might be expected for a respiratory pathogen, the organisms can form biofilms (5) . Like P. aeruginosa, S. maltophilia expresses a homologue of algC, the gene encoding phosphoglucomutase, a key enzyme in the synthesis of extracellular polysaccharides (22) . S. maltophilia expresses flagella, is motile (3), produces an extracellular protease (39) , and synthesizes diverse lipopolysaccharide (LPS) structures with at least 31 different O antigens (40) . While a single study has suggested that S. maltophilia LPS is less immunogenic than the LPS of Escherichia coli (41) , the contribution of LPS to S. maltophilia virulence has not been well characterized. It is not clear if S. maltophilia isolates from CF patients have unique properties, as is the case for P. aeruginosa isolates.
Faced with an increasing number of infections with S. maltophilia and limited data regarding the potential of this organism for virulence, we surveyed selected properties of 24 S. maltophilia clinical isolates obtained from the Columbia University Medical Center. We examined strains from diverse clinical settings, including CF and non-CF respiratory specimens, as well as nonrespiratory (blood, skin, and soft tissue) specimens, and evaluated their immunogenic potential in established in vitro and in vivo assay systems by comparing them to the well-characterized laboratory strain P. aeruginosa PAO1.
MATERIALS AND METHODS
Bacterial strains. Twenty-four nonclonal clinical isolates of S. maltophilia were obtained from different patients over a 3-month period at the Columbia University Medical Center and the CF Referral Center in New York, NY. S. maltophilia was isolated from the respiratory tracts of CF patients (CF isolates) (n ϭ 10) and non-CF patients (non-CF isolates) (n ϭ 7), as well as from patients with blood, skin, and soft tissue infections (n ϭ 7). Bacteria were isolated, identified as S. maltophilia by biochemical characteristics and antibiotic resistance analysis, and grown in Luria-Bertani (LB) broth, and aliquots were frozen in LB-glycerol at Ϫ80°C. For each experiment bacteria were grown from frozen stocks on LB agar. P. aeruginosa PAO1 and a lasl rhll mutant (26) were used as controls.
Cell culture and reagents. 1HAEoϪ (human airway epithelial) and 16HBE (human bronchoepithelial) cells were grown as described previously (6) . RAW cells were grown in RPMI medium with 10% fetal calf serum (Invitrogen). Unless indicated otherwise, reagents were purchased from Sigma. All media used were supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 50 g/ml gentamicin, and 4 g/ml amphotericin B.
Motility. The motility of S. maltophilia was determined by examining its ability to diffuse in soft agar plates. PAO1 and a Fla Ϫ mutant (10) were used as positive and negative controls.
Biofilm assay. Bacteria were grown overnight with agitation, the optical densities at 600 nm were standardized to 2, and the cultures were diluted 1:100 in LB broth. Aliquots (100 l) were added to a 96-well plate, which was incubated for 18 h at 37°C (25) . Growth was monitored by determining the optical density at 600 nm, and after two or three washes with water, crystal violet was added for 15 min, which was followed by three rinses with water and then addition of 95% ethanol. The material was then transferred to a fresh 96-well plate, and the absorbance at 540 nm was determined. Each sample was tested in triplicate.
IL-8 and TNF-␣ detection. The level of interleukin-8 (IL-8) was determined by an enzyme-linked immunosorbent assay (ELISA) (R&D Systems) following exposure of 1HAEoϪ cells to 10 8 CFU of bacteria (29) . The level of tumor necrosis factor alpha (TNF-␣) was determined by an ELISA (DuoSet; R&D Systems) following exposure of RAW cells to 500 ng/ml of lipid A for 4 h. The cell viability was Ͼ75%, as assessed by using trypan blue. Each data point was determined in sextuplicate, and the data were normalized to the protein content.
LPS purification and lipid A isolation. Large-scale LPS preparations were extracted using a hot phenol-water extraction method (38) . LPS was treated with RNase A, DNase I, and proteinase K (11) and then extracted to remove contaminating proteins. Small-scale LPS preparations were isolated as described previously (9) . Lipid A was isolated after hydrolysis in 1% sodium dodecyl sulfate at pH 4.5 (1). Samples were resuspended in 500 l of water, frozen, and lyophilized. For RAW cell stimulation samples were standardized by weight.
Mass spectrometry. Negative-ion matrix-assisted laser desorption ionizationtime of flight (MALDI-TOF) experiments were performed as described previously, with the following modifications (9) . Lyophilized lipid A was dissolved with 10 l of a 5-chloro-2-mercaptobenzothiazole MALDI matrix in chloroformmethanol (1:1, vol/vol) and then applied (1 l) onto a sample plate. All MALDI-TOF experiments were performed using a Bruker Autoflex II MALDI-TOF mass spectrometer (MS) (Bruker Daltonics Inc., Billerica, MA). Each spectrum was an average of 300 shots. ES tuning mixture (Agilent, Palo Alto, CA) was used to calibrate the MALDI-TOF MS.
Mouse model of infection. Groups of 6 to 10 7-to 10-day-old C57BL/6 or C57BL/6-Tnfrsflat mlImx (TNFR1 null; Jackson Laboratories) mice were intranasally inoculated with 10 8 CFU of bacteria in 10 l of phosphate-buffered saline. Sixteen hours later the rates of pneumonia (defined as recovery of Ͼ10 3 CFU per lung), bacteremia (measured by determining the presence of bacteria in the spleen), and mortality were determined (35) . For neutrophil detection, lung cell suspensions were analyzed for double expression of CD45 and Ly6C by flow cytometry (13) . For lung TNF-␣ mRNA quantification, real-time PCR was performed using primers 5Ј-ATGAGCACAGAAAGCATGATC-3Ј and 5Ј-TACA GGCTTGTCACTCGAATT-3Ј. Actin was used as a control for standardization. The studies were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee.
Serum sensitivity assay. Bacteria were grown to an optical density of 0.5, washed in Hanks' balanced salt solution, and incubated with 60% serum, 60% heat-inactivated serum, or Hanks' balanced salt solution alone at 37°C with agitation for 90 min, and then they were plated on LB medium.
Phagocytosis assay. Phagocytosis by RAW cells was determined by incubating cells with 10 8 CFU of bacteria for 30 min. Cells were washed, treated with 600 g/ml of gentamicin (which killed all the S. maltophilia strains used) for 1 h, washed again, trypsinized, and plated on LB medium.
Invasion assay and measurement of transepithelial resistance. Bacteria (ϳ1 ϫ 10 7 CFU) were added to the apical surface of polarized 16HBE cells on Transwell-Clear cell culture inserts (Corning-Costar) with 3-m pores. After 4 h the number of organisms in the basolateral medium was determined. Transepithelial resistance was measured using Millicell-ERS (Millipore). Triplicate wells were used for both assays.
Statistical analysis. Data obtained in the mouse experiments were analyzed using a Mann-Whitney nonparametric test. Categorical variable proportions were compared using Fisher's exact test.
RESULTS

S. maltophilia interactions with airway epithelial cells and macrophages.
The virulence properties typically associated with airway pathogens include motility, the ability to form biofilms, and activation of chemokine expression (16, 30) . The majority (80%) of the non-CF S. maltophilia isolates were as motile as P. aeruginosa PAO1, while only 30% of the CF strains were motile (data not shown). Whereas all S. maltophilia strains grew similarly in plastic, biofilm production was highly variable (Fig. 1A) . Most CF isolates (6/10) formed biofilms that were appreciably more dense (increased staining with crystal violet) than a PAO1 biofilm. However, 4/10 CF strains did not produce a detectable biofilm and instead behaved like the negative control, JP2, a lasI rhlI mutant of PAO1 (27) . All of the non-CF respiratory tract isolates, as well as the isolates from other clinical sites, synthesized at least as much biofilm as PAO1 synthesized, and the majority appeared to produce more extracellular material than PAO1 produced. We then assessed the ability of S. maltophilia to stimulate the expression of IL-8, the major polymorphonuclear leukocyte (PMN) chemokine produced by airway epithelial cells and a common marker of airway inflammation (Fig. 1B) . The immunostimulatory capabilities of CF isolates were highly variable and more variable than the immunostimulatory capabilities of S. maltophilia strains from other sources. In a comparison with P. aeruginosa PAO1, some (4/10) of the CF strains were considerably less immunostimulatory, whereas the non-CF isolates did not differ from PAO1.
In addition to airway epithelial cells, alveolar macrophages play an important role in the induction of inflammation by secreting TNF-␣ in response to bacterial stimulation. LPS is a potent inducer of TNF-␣ production through its lipid A moiety. The ability of the lipid A moiety of S. maltophilia LPS isolated from 12 clinical strains (7 CF isolates, 4 respiratory non-CF isolates, and 1 blood isolate) to induce TNF-␣ expression in RAW cells, a murine macrophage cell line, was tested (Fig. 1C) . All of the S. maltophilia lipid A moieties were significantly more potent for stimulating TNF-␣ production by RAW cells than P. aeruginosa PAO1 lipid A was. The CF isolates exhibited a range of immunostimulation activities, but even the least stimulatory isolate elicited more TNF-␣ production than did PAO1. Similarly, the non-CF isolates induced six-to eightfold more cytokine production than PAO1 induced.
Properties of S. maltophilia lipid A. To better understand the immunogenicity of the S. maltophilia strains, particularly compared with the immunogenicity of PAO1, the lipid A moieties of 12 strains were analyzed by MS. MS analysis of S. maltophilia lipid A indicated that there was a high degree of overall heterogeneity in the ion species for all isolates, potentially due to increased fatty acid variability. The results of a detailed analysis of two randomly selected respiratory isolates (CF1 and CF2) and one randomly selected blood isolate (N3) are shown in Fig. 2 
. A dominant [M-H]
Ϫ ion cluster at a mass-to-charge ratio (m/z) between 1613 and 1670 was observed for all S. maltophilia isolates ( Fig. 2A to C) . MALDI-TOF MS for all three isolates revealed a heterogeneous mixture of species (m/z 1613, 1627, 1641, 1655, 1669, and 1683) that suggests that fatty acids that differed by one carbon (⌬m/z, 14) were added to the lipid A structure. Additionally, lipid A isolated from blood isolate N3 had an additional phosphate group (m/z 80) at m/z 1749 and 1763 (Fig. 2C) . Compared to the increased heterogeneity observed in lipid A preparations isolated from the individual S. maltophilia clinical isolates, the lipid A from the laboratoryadapted wild-type P. aeruginosa isolate, PAO1, exhibited markedly less heterogeneity, with penta-and hexa-acylated ion species at m/z 1447 and 1616, respectively (Fig. 2D) . 
FIG. 2. Characterization of S. maltophilia and P. aeruginosa lipid A. Isolated lipid A preparations from CF isolates CF1 (A) and CF2 (B)
, blood isolate N3 (C), and P. aeruginosa (D) were characterized by using negative-ion matrix-assisted laser desorption ionization-time of flight mass spectrometry.
S. maltophilia does not invade across epithelial monolayers.
After initial colonization of the airways, bacterial pathogens must cross the epithelial barrier to cause bacteremia. Five S. maltophilia strains (two CF isolates, two respiratory non-CF isolates, and one blood isolate) were randomly selected, and their invasiveness was determined in vitro by comparing their abilities to cross intact airway epithelial cell monolayers with tight junctions. S. maltophilia caused a reduction in the potential difference across the membrane (from 3,000 ⍀ to 1,500 ⍀). This level of disruption of the tight junctions enabled at most 1 ϫ 10 2 to 3 ϫ 10 2 CFU of the S. maltophilia strains to cross the epithelial barrier, values which are 2 orders of magnitude lower than the number of PAO1 cells that were able to invade. P. aeruginosa PAO1 destroyed the integrity of the tight junctions by the end of the 4-h incubation. This reduced the resistance across the cells to that of the transwell membrane alone (200 ⍀), which enabled Ͼ10 4 CFU to get across the monolayer (Table 1) .
S. maltophilia virulence in a mouse model of respiratory tract infection. The net effects of the immunostimulatory and invasive properties of five S. maltophilia isolates were tested in a mouse model of infection and compared directly to the effects of P. aeruginosa PAO1 (Fig. 3A) . The majority of the S. maltophilia isolates caused pneumonia in more than 50% of the mice inoculated. The importance of biofilm production in the ability to colonize and cause airway infection has been demonstrated for P. aeruginosa (32) . Similarly, isolate CF2, a CF isolate, caused pneumonia in only 10% of the mice, which correlated with its inability to form a biofilm (Fig. 1A) . The other CF and non-CF isolates all formed dense biofilms (Fig.  1A) , which likely contributed to the development of pneumonia (Fig. 3A) . Although a relatively high percentage of mice developed bacteremia, the bacterial counts in the spleens were in general very low (Table 2) , in contrast to the results obtained with PAO1, which was recovered at a density of Ͼ10 3 CFU. The low levels of bacteremia did not lead to mortality, nor did any of the mice appear to be moribund at 16 h postinoculation.
The nature of the immune response in the mouse lungs to each of the S. maltophilia isolates was evaluated by flow cytometry (Fig. 3B) . The percentage of PMNs recruited to the lungs as a function of the total number of leukocytes was determined. Once again, there was a wide range of responses, but each of the isolates induced significant PMN recruitment and the number of PMNs was, in general, equivalent to or even greater than the number of PMNs elicited by the PAO1 control strain.
S. maltophilia virulence in a TNFR1 null mouse.
A major difference between the immune responses induced by the S. maltophilia strains and the immune responses elicited by P. aeruginosa PAO1 was the amount of TNF-␣ produced. To assess the importance of TNF-␣ signaling for clearance of S. maltophilia and for defense against invasive infection, we compared the responses of wild-type C57BL/6 and TNFR1 null mice to the most virulent isolate, isolate N3 (Fig. 3A and Table  2 ). N3 caused significantly less pneumonia and bacteremia in the TNFR1 null animals (100% in the wild type, compared to 20% pneumonia and 25% bacteremia in the TNFR1 null mice;
FIG. 3. S. maltophilia lung infection. (A)
Percentages of C57BL/6 mice (Wild type) and TNFR1 null mice that developed pneumonia or bacteremia or died. Two asterisks indicate that the P value is Ͻ0.01 for a comparison with wild-type mice inoculated with N3. (B) Percentages of PMNs in the total leukocytes in the lungs of wild-type and TNFR1 null mice. Each symbol represents an individual mouse, and the lines indicate the medians for the groups. One asterisk indicates that the P value is Ͻ0.05 and two asterisks indicate that the P value is Ͻ0.01 for a comparison with control mice inoculated with phosphate-buffered saline (C). (C) Lung TNF-␣ mRNA expression in TNFR1 null mice as determined by real-time PCR and standardized to actin. Each symbol represents an individual mouse, and the lines indicate the medians for the groups. The asterisk indicates that the P value is Ͻ0.05 for a comparison with control mice inoculated with phosphate-buffered saline. on October 15, 2017 by guest http://iai.asm.org/ P Ͻ 0.001 for both), and the bacterial counts in the spleens of bacteremic mice were significantly lower (P Ͻ 0.01). Similarly, TNFR1 null mice showed increased bacterial clearance during P. aeruginosa infection (31) . The TNF-␣ expression in the lungs of TNFR1 null mice infected with S. maltophilia N3 was determined as a control (Fig. 3C) . Whereas high levels of TNF-␣ were induced, the TNF-␣ could not contribute effectively to the pathogenesis of infection in the absence of TNFR1, the only TNF receptor expressed by airway epithelial cells. These results suggest that TNF-␣-dependent signaling is a major cause of the pathology attributed to the organisms. Flow cytometry analysis of the cellular infiltrates in the wild-type and TNFR1 null mice demonstrated that the numbers of recruited PMNs were similar, indicating that chemokine signaling remained intact (Fig. 3B ). Phagocytosis and killing assays. In addition to weak invasiveness, the low levels of bacteremia after intranasal infection with high levels of S. maltophilia may be attributed to specific systemic host clearance mechanisms. We compared the serum sensitivities and rates of phagocytosis and killing by RAW cells of the different isolates. While S. maltophilia isolates CF1, CF2, N1, and N2 were sensitive to serum, the N3 strain, like PAO1, was resistant. These results are consistent with the higher bacterial counts in spleens of mice infected with the N3 isolate (Table 2) . However, all of the S. maltophilia strains tested were readily phagocytosed (range, 6 to 33%) even more efficiently than the PAO1 control (5%), indicating that control of bacterial replication in the blood prevents sepsis and mortality.
DISCUSSION
S. maltophilia has the properties expected of an opportunistic pathogen. These organisms have intrinsic antimicrobial resistance and cause infections that result in increased morbidity, but not usually in mortality, in patients with impaired host defenses. The clinical isolates evaluated in the present study were generally capable of biofilm formation and were highly immunostimulatory, features that are very important in the initial colonization of the airways and development of pneumonia. As might be predicted from the accumulating clinical reports, most of the isolates that we tested were not particularly virulent, and none caused death in a neonatal mouse model of respiratory tract infection using a high inoculum.
The properties of S. maltophilia strains isolated from patients with respiratory and nonrespiratory infections did not differ significantly. While CF isolates were heterogeneous, there were no marked differences between these isolates and other respiratory (non-CF) isolates that suggested a "CF phenotype," analogous to the mucoid strains of P. aeruginosa. However, we found that only 30% of the CF isolates were motile, compared to 80% of the non-CF isolates. While motility is very important in the pathogenesis of pneumonia (10), one feature of P. aeruginosa adaptation to the CF lung is its loss of motility (20) . Flagella are highly immunostimulatory (28) and can function as ligands for nonopsonic phagocytosis (21) . Thus, it is thought that decreased expression of flagella may protect the bacteria from the host immune response. Loss of motility, likely due to attenuated expression of flagella, appears to be a common mechanism of adaptation to the CF airways for both P. aeruginosa and S. maltophilia. All the S. maltophilia isolates tested were highly immunostimulatory. Overall, the S. maltophilia strains induced as much IL-8 expression as P. aeruginosa induced. IL-8 (or KC in mice) is a chemokine that recruits PMNs into the lungs. In a murine model of pneumonia, S. maltophilia and P. aeruginosa similarly induced significant PMN recruitment into the lungs. However, S. maltophilia induced substantially more TNF-␣ expression than the P. aeruginosa control induced. This TNF-␣ response may be associated with the high degree of lipid A heterogeneity detected in S. maltophilia (8, 23) . TNF-␣ is a potent proinflammatory cytokine that induces neutrophil and macrophage activation. Airway inflammation, the hallmark of pneumonia, is required to clear the bacteria, but the accumulation of activated neutrophils and macrophages and their products is detrimental to normal lung function. TNF-␣ signaling contributes significantly to the pathophysiology of S. maltophilia pneumonia, as reflected by the minimal disease observed in the TNFR1 null mice. These findings are consistent with clinical studies that showed that there was deterioration of lung function after prolonged exposure to S. maltophilia in CF patients (19) .
S. maltophilia strain N3, a blood isolate, was somewhat more virulent than the other strains in the mouse model of pneumonia. Mass spectrometry analysis of the lipid A of this strain, however, revealed larger peaks (m/z Ͼ1,700) that represented modifications not characterized yet. These modifications may explain why this isolate is more virulent, as it has been demonstrated that in other gram-negative bacteria modifications in lipid A play a role in increased virulence and immunostimulatory responses (23) . Further studies that include analysis of the O antigen and LPS core modifications are required to confirm this hypothesis.
S. maltophilia binds to airway epithelial cells as efficiently as P. aeruginosa binds and it aggregates along the cell junctions (4), but it is poorly invasive. The sequenced S. maltophilia genome has few regions with low levels of homology (20 to 30%) to any of the P. aeruginosa type III secretion genes. Type III secretion systems mediate bacterial interactions with host cytoskeletal components in many gram-negative pathogens and, in P. aeruginosa, correlate highly with invasive infection (17) . Thus, the potential lack of type III secretion genes in S. maltophilia may contribute to its limited invasive capabilities. Thus, in terms of invasive potential, S. maltophilia differs substantially from even the laboratory strain P. aeruginosa PAO1. Moreover, during pulmonary infection, the few organisms that cross the epithelial barrier are readily cleared, if not by lytic effects of serum, by phagocytosis, and they do not produce concentrations in the blood that are high enough to cause sepsis.
S. maltophilia, like P. aeruginosa, has the potential to contribute to the inflammatory process that compromises respiratory function in CF and in hospital-acquired pneumonias. Since few CF patients have an S. maltophilia infection without a concomitant P. aeruginosa infection (34) , it is difficult to sort out the relative contribution of each organism to ongoing lung damage. However, our data suggest that targeting S. maltophilia with antimicrobial therapy and perhaps even anti-inflammatory therapy may decrease overall levels of inflammation that contribute to pathology.
